INTRODUCTION

30
Myxococcus xanthus is a bacterium that undergoes multicellular development and provides an 31 excellent model to study mechanisms of signaling, gene regulation, and cell fate determination 32 (1). M. xanthus cells move in packs that feed on available prey bacteria and organic matter (2).
33
When starved, the population undergoes development, including aggregation of cells into Early studies of developmental commitment to cellular lysis and spore formation were 42 carried out with M. xanthus before work on the signaling and gene regulatory network began.
43
Commitment to cellular lysis was shown to occur in 25% of the population by 36 h after being 44 placed on starvation agar (8). Commitment to formation of optically refractile spores was also 45 explored (9). Many of the rod-shaped cells harvested after 24-32 h on starvation agar appeared 46 to be in an intermediate state, failing to form spores if placed directly into nutrient medium, but 
121
Briefly, log-phase cultures of M. xanthus growing in CTTYE liquid medium were collected by 122 centrifugation and resuspended in MC7 at a concentration of 1000 Klett units. Either 247 μl of 123 the cell suspension plus 1.65 ml MC7 was added to a 3.5 cm diameter well of a 6-well plastic 124 plate or in the case of samples for RNA preparation, 1.5 ml of cell suspension plus 10.5 ml MC7 125 was added to an 8.5 cm diameter plastic Petri plate. Upon incubation at 32°C, cells adhere to the 126 bottom of the plate. At the indicated times, the culture supernatant was replaced with fresh MC7 127 starvation buffer or CTTYE nutrient medium supplemented with inhibitors as required. For 128 collection of samples, cells were scraped from the plate bottom using a sterile 1-ml plastic 129 pipette tip and the entire contents were aspirated into a 15-ml centrifuge tube. Samples were 130 mixed thoroughly by vortexing for 15 seconds followed by pipetting the mixture up and down 15 131 times, and this was done a total of 3 times. For observation of cellular shape change, the tubes 132 were then left undisturbed for 5-10 min to allow cell aggregates to settle to the bottom of the 133 tube. The aggregates were then removed for microscopic observation. For measurement of 134 sonication resistance, 400 μl of the thoroughly-mixed sample was transferred to a 135 microcentrifuge tube, sonicated using a Model 450 Sonifier (Branson) at output setting 2 for 10 s 136 intervals 3 times with cooling on ice in between, and ovoid spores were counted microscopically 137 using a Neubauer counting chamber. To quantify mature spores that are heat-and sonication-138 resistant and capable of germination, 400 μl of the thoroughly-mixed sample was heated at 50°C 139 for 60 min before sonication as described above, then the sample was serially diluted 10-fold in 140 MC7 buffer and 100 μl samples were spread onto CTT soft (1.0%) agar plates. Colonies were 141 counted after incubation at 32°C for 5-7 days. Olympus BX51 microscope using a DIC filter and a 100X oil-immersion objective, and equipped
146
with an Olympus DP30BW digital camera.
147
Total protein concentration and immunoblot analysis. Thoroughly-mixed developmental 148 samples were prepared as described above and stored at -20°C in 400 μl aliquots. One aliquot 149 was used to determine the total protein concentration by sonicating the sample as described 150 above, centrifuging it at 10,000 x g for 1 min to sediment cell debris, and using the supernatant 154 typically 1 μg) were subjected to SDS-PAGE and immunoblot as described (46) . For detection 155 of MrpC and MrpC2, anti-MrpC antibodies were used at a 1:10,000 dilution. Anti-FruA
156
antibodies were used at a 1:2,000 dilution. Protein-antibody complexes were detected using
9
The slope of a linear fit of the data was used to calculate the protein half-life. For MrpC, only 166 the upper band corresponding to the full-length protein was quantified and used to calculate the 167 half-life since lower bands could be MrpC2 and/or other proteolytic fragments of MrpC.
168
RNA extraction and analysis. Immediately prior to harvesting the culture, its supernatant 169 was replaced with a mixture of 0.5 ml RNase stop solution (5% phenol pH < 7 in ethanol) (48) 170 and 4.5 ml of MC7 buffer. Cells were scraped from the bottom of the plate as described above 171 and the entire contents were aspirated into a 15-ml centrifuge tube, which was subjected to flash 172 freezing in a dry ice-ethanol bath and stored at -80°C. After thawing and centrifugation at 8,700
173
x g for 10 min at 4°C, RNA was extracted using the hot-phenol method and digested with DNase for each set of qPCR reactions was generated using 10-fold serial dilutions of plasmid pRR010 182 or DK1622 chromosomal DNA, and gene expression was quantified using the relative standard 183 curve method (user bulletin 2, Applied Biosystems). 16S rRNA was used as the internal 184 standard. The primers used to quantify mrpC, dev, and 16S rRNA transcripts are listed in Table   185 S1. 
197
Equal volumes of the samples were subjected to SDS-PAGE and immunoblot analysis.
198
For the experiment shown in Figure S6 , samples were prepared at 24 h post-starvation as To measure the number of mature spores, samples were subjected to heat treatment and 284 sonication followed by plating on nutrient agar to allow spore germination and colony formation.
285
Mature spores were observed starting at 36 h post-starvation, and the number gradually went up 286 more than 1000-fold by 96 h (Fig. 3B, no replacement) . Formation of mature spores lags behind 287 development of sonication resistance (Fig. 3A, no replacement) . Addition of nutrients at 18 h 288 post-starvation prevented the development of mature spores by 36 h (Fig. 3B, 18N-36 ). (Fig. 3B, nutrient) , since germination would render cells sensitive to sonication, 301 and the number of sonication-resistant spores remained high in those samples (Fig. 3A, nutrient) . (Fig. 2 ) and persist at least until 42 h (Fig. 4) , the period during which cells in the 334 developing population commit to forming compact nascent fruiting bodies (Fig. 1) and 335 sonication-resistant and mature spores (Fig. 3) . to calculate the half-life of MrpC (Fig. 5, right) . Reproducibly, the MrpC half-life was shorter 348 after nutrient addition than after Cm addition at all times tested (compare t 1/2 for N with S+Cm).
349
Moreover, simultaneous addition of nutrient and Cm at 24 h post-starvation caused MrpC to 350 decline at least as rapidly as addition of nutrient alone (Fig. 5D , compare N+Cm with N).
351
Therefore, protein synthesis is not required for nutrients to activate one or more pre-existing 352 proteases to rapidly degrade MrpC.
353
We note that although nutrient-regulated proteolysis of MrpC occurs at 24 h post-starvation
354
( Fig. 5D) , it does not stop a large proportion of the cells in some aggregates from subsequently 355 changing shape by 36 h (Fig. 2E, 24N-36 (Fig. 5E ), but does not prevent formation of compact 358 nascent fruiting bodies that subsequently darken by 42 h (Fig. 1C, 30N-42 ) and does not prevent 359 a large increase in the number of sonication-resistant cells by 36 h (Fig. 3A, 30N-36 ).
360
Presumably, MrpC-dependent genes required for these morphological and physical changes are 361 expressed between 24 and 30 h. It appears that MrpC must persist after 30 h in order for genes 362 to be expressed that are important for mature spores to form in large numbers after 36 h (Fig.   363   3B ). In this context, it is worth noting that very little of the smaller form, MrpC2, was present 364 after 30 h (Fig. 4A) , suggesting that MrpC2 is not required for spore maturation. We also note 365 that very little MrpC2 was present at any of the times tested in our nutrient addition experiments 366 (Fig. 5, unfilled arrowheads) . In these experiments, the culture supernatant was replaced with 367 fresh starvation buffer prior to collecting samples, whereas the culture was undisturbed prior to (Fig. 1B) , cellular shape change (Fig. 2B and 2D ), or formation of sonication-resistant 371 or mature spores (Fig. 3, starvation) . MrpC2 has been reported to bind sites in the mrpC and 372 fruA promoter regions with higher affinity than MrpC (50), but individual roles of the two 373 proteins during development have not been dissected.
374
The level of FruA also decreased after nutrient and/or Cm addition (Fig. S4) , but the effect of 375 nutrient addition was not as profound as for MrpC (Fig. 5) . When nutrients were added at 18 h 376 post-starvation, MrpC was nearly undetectable after 1 h (Fig. 5C ), but FruA was still visible (Fig.   377   S4A ). Nutrient addition at 24 h post-starvation caused a more rapid and complete loss of MrpC 378 (Fig. 5D) than FruA (Fig. S4B) . At both times, nutrient addition caused a more rapid loss of
379
MrpC than Cm addition ( Fig. 5C and 5D , compare N with S+Cm and the corresponding t 1/2 380 values), but this was not the case for FruA (Fig. S4) . The half-life of FruA was similar after 381 nutrient or Cm addition at 18 h, and it was longer after nutrient addition than after Cm addition at 382 24 h. Therefore, we cannot be certain whether FruA is subject to nutrient-regulated proteolysis.
383
Since transcription of fruA depends on MrpC (42), synthesis of FruA is expected to decline 384 rapidly upon nutrient addition, although probably not as rapidly as upon Cm addition. We 385 conclude from the data in Figure S4 that FruA might be subject to nutrient-regulated proteolysis, 386 in addition to its expected decline as fruA transcription ceases due to the declining MrpC level.
387
Since the decline of MrpC appeared to be the primary response of developing cells to nutrient 388 addition, we focused on this response and its consequences in subsequent experiments. the dev operon after nutrient addition to 24-h developing cells (Fig. 6B) , when most cells have
419 not yet committed to sonication resistance (Fig. 3A) . MrpC and FruA cooperatively bind in the 420 promoter region of the dev operon and appear to directly activate transcription (53) (A. resulted in a rapid decline of MrpC, more rapid than the addition of Cm (Fig. S3C) , as observed 448 for wild type (Fig. 5C) . The half-life of MrpC was shorter after nutrient addition than after Cm 449 addition (Fig. S3C, right) , so BsgA is not required for nutrient-regulated proteolysis of MrpC, 450 but the half-lives were longer in the bsgA mutant than in wild type (Fig. 5C, right) , suggesting 451 that BsgA directly or indirectly impacts MrpC proteolysis. As reported previously for a different 452 bsgA mutant (50), we did not detect conversion of MrpC to MrpC2 in the bsgA mutant we used 453 (Fig. S3C) .
454
To identify the type of protease that might be involved in rapid turnover of MrpC after 455 nutrient addition to developing cells, various protease inhibitors were tested for the ability to 456 slow the degradation of MrpC in cell extracts. Immunoblots showed that MrpC was degraded 457 rapidly in sonic extracts of developing cells prepared at 18 h (Fig. 7) or 24 h (Fig. S5) N(-) ]. We expected the opposite to be the case since nutrient 463 addition caused MrpC to decline rapidly in developing cells (Fig. 5) ; however, we loaded equal 464 volumes rather than equal amounts of total protein in the experiments shown in Figures 7 and S5,   465 and there could be a larger burst of MrpC synthesis shortly after nutrient addition than after 466 starvation buffer addition. In any case, the half-life of MrpC could not be determined because it 467 was too unstable in sonic extracts without protease inhibitor. The addition of a protease inhibitor 468 cocktail (PIC) during sonication greatly stabilized full-length MrpC in samples to which 469 nutrients had been added before sonication (N+PIC), and to a lesser degree in samples to which 470 fresh starvation buffer had been added (S+PIC) (Fig. 7 and S5 ). The greater stabilization of
471
MrpC in extracts of developing cells to which nutrients had been added suggests that protease 472 activity is altered in these cells. Perhaps nutrients activate a protease that is effectively inhibited 473 by the cocktail, and this directly or indirectly protects MrpC from attack by other proteases.
474
Since the PIC was a mixture of protease inhibitors at proprietary concentrations, we tested (Fig. 7 and S5) . Inhibitors of other types of proteases did not stabilize MrpC. Like PIC,
478
EDTA stabilized full-length MrpC in samples to which nutrients had been added before 479 sonication (N+EDTA) to a greater degree than in samples to which fresh starvation buffer had 480 been added (S+EDTA). Apyrase, an enzyme that hydrolyzes ATP, was also tested, to see if 481 proteolysis of MrpC depends on ATP. Addition of apyrase immediately after sonication did not 482 stabilize MrpC (Fig. 7 and S5 ). Neither did pre-incubation of sonic extracts with apyrase inhibit (Fig. S6) . Taken together, our results suggest that nutrient-regulated proteolysis of
486
MrpC may involve ATP-independent metalloprotease activity.
487
Since the FruA level also decreased after nutrient addition (Fig. S4) , we examined FruA 488 degradation in cell extracts. As with MrpC, the addition of PIC or EDTA during sonication 489 stabilized FruA in samples at 18 or 24 h post-starvation, and addition of apyrase immediately 490 after sonication did not stabilize FruA (Fig. S7) . These results suggest that proteolysis of FruA 491 in developing cells may also involve ATP-independent metalloprotease activity. expression of direct target genes in the dev operon that are important for sporulation (Fig. S1 ). 
542
We propose that MrpC, C-signal, and FruA are key regulators of commitment to sporulation. Kroos, unpublished data) (Fig. S1) . Since MrpC appears to activate transcription of fruA (42), Further, nutrient addition to developing cells at 24 h post-starvation resulted in a steady decline 568 in dev transcripts to a low level within 2 h. We conclude that nutrient-regulated proteolysis of 569 MrpC halts expression of direct target genes important for sporulation, and we propose that this 570 provides a rapid mechanism to escape commitment if nutrients reappear.
571
Regulated proteolysis in bacteria is used to control adaptive, cell cycle, and developmental (Fig. S1) type, but addition of nutrients resulted in a rapid decline of MrpC (Fig. S3C) , indicating that genes predicted to code for metalloproteases that are likely to be ATP-independent and cytosolic.
585
These putative metalloproteases are candidates for involvement in nutrient-regulated proteolysis 586 of MrpC. The Esp signaling system negatively regulates MrpC stability (Fig. S1 ) to delay M. and then decreases (Fig. 6A ). The decrease in transcript level occurs well after the decrease in 594 MrpC protein level (Fig. 5D) . Indeed, the loss of MrpC is expected to cause the mrpC transcript 595 level to decrease since MrpC has been reported to positively autoregulate and to positively 596 regulate the mrpAB operon, whose products positively regulate mrpC, forming a positive 597 feedback loop (Fig. S1) . Hence, nutrient-regulated proteolysis destroys MrpC rapidly and loss of 
